Sub-10 nanometer lithography is opening a new area for beyond-CMOS devices. Regarding to single nano-digit manufacturing we have established a new maskless patterning scheme by using field-emission, current controlled Scanning Probe Lithography (cc-SPL) in order to create optical nanodevices in thin silicon-oninsulator (SOI) substrates. This work aims to manufacture split ring resonators into calixarene resist by using SPL, while plasma etching at cryogenic temperatures is applied for an efficient pattern transfer into the underlying Si layer. Such electromagnetic resonators take the form of a ring with a narrow gap, whose 2D array was the first left-handed material tailored to demonstrate the so-called left-hand behavior of the wave propagation. It is shown that the resonance frequency can be tuned with the feature size of the resonator, and the resonance frequency can be shifted further into near infrared or even visible light regions.
Fowler-Nordheim-type electron emission of low energy electrons from a sharp scanning tip. Closed loop lithography offers single-nanometer manufacturing and has the potential to replace conventional lithography techniques in terms of resolution, patterning with low electron energy, direct patterning, and tone switching without any post-proccessing 1, 2 . As opposed to Electron Beam Lithography (EBL) technique, no vacuum or special gaseous environments are required for SPL patterning. While high-energy electrons are employed to generate secondary electrons inducing the lithographic reaction in EBL, in FE-SPL we directly generate "lithographically usable" electrons in an energy range (typically < 50eV) just needed for the chemical interaction with the resist. The tone of patterning can be switched by varying the exposure dose of electrons 4 , i.e. a wet development step is not required for obtaining positive tone lithography 3, 4 .
AFM-imaging directly after exposure can be obtained by using the same active cantilever in imaging mode and it allows the inspection of the generated features by a closed loop imaging scheme. Moreover, using a relatively thin resist layer of calixarene, (usually with thicknesses of 10 to 50 nm), we developed a reliable dry etching recipe operating at cryogenic temperatures. The process is established for linewidths below 10nm and for HAR in the 50-100nm regime, respectively. As feature sizes shrink, approaching the 5nm regime, feature size and the shapes must be controlled with tolerances approaching the sub-nanometer scale.
EBL based cryoetching is a well-known technique 5, 6, 7 . In order to transfer sub-10 nm structures generated by FE-SPL, an Oxford Instruments Cobra 100 ICP etcher was used. To achieve a good thermal contact between substrate and electrode, helium backside cooling was employed. To generate a DC bias, the bottom electrode was powered by an RF frequency of 13.56MHz. The process pressure is kept under 6mTorr 8 .
In this work we present the manufacturing of sub-10nm half-pitch split ring resonators and the simulation results obtained for their expected behavior.
FIELD-EMISSION SCANNING PROBE LITHOGRAPHY
The capability of patterning single nanometer structures is opening a new horizon for future nanoelectronics. Theoretically, scanning probes are able to image and pattern structures down to the atomic scale 9, 10 . In this case, quantum devices, i.e. single-electron devices working at room-temperature, could be manufactured 33 . We have developed a scanning probe lithography by using field-emission (FE-SPL) on molecular glass resist calixarene 1 . Applying a bias voltage between tip and sample results in a current flow under ambient conditions. This constant Fowler-Nordheim electron emission causes direct patterning on the resist coated sample. These low energy electrons are regulated by the current feedback loop of the SPL system. A closed loop lithography scheme enables the imaging of the patterned structure after SPL with the same cantilever and tools. In our FE-SPL tool two closed loops are used; one of them is responsible for patterning through electric fieldcurrent control, while the second one is required for imaging by a force feedback. Fig. 1 shows the concept of closed-loop operation for imaging and lithography. A patterned structure is imaged directly after patterning by the dynamic mode AFM. The switching from lithography mode to imaging mode is very fast thereby minimizing the mechanical drift. For the demonstration of this work, we used a self actuated, self sensing active cantilever technology with a typical 100 kHz resonance frequency. Integrated actuators and deflection sensors on the cantilever as shown in Fig. 2 enable both high speed AFM and SPL.
A metallic microheater (colored yellow in Fig. 2 (a)) forms a thermomechanical actuator for both exciting the cantilever at its resonance, and simultaneously deflecting the cantilever at lower frequencies off-resonance (1 Hz to 20 kHz). The deflection read-out of the cantilever is realized by piezoresistive sensors integrated on the base of cantilever beam (colored green in Fig. 2 (a)) [12] [13] [14] [15] [16] . Four piezoresistors are arranged in an integrated Wheatstone bridge configuration to reduce the influence of temperature variations. At the end of the cantilever beam a sharp tip with typically < 10 nm tip radius of curvature is integrated ( Fig. 2(b) ). The cantilever bends proportionally to the square of the input current by applying a DC-current to the micro-heater 17 . By applying the concept of closed loop lithography, a sharp tip is used for both writing and reading of features. A more detailed information of the active cantilever, their fabrication process as well as their performance is provided elsewhere 16 .
The general setup of FE-SPL is shown in Figure 3 . The SPL system is placed on an aluminum block and damping system to minimize thermal and mechanical drift. A top scanner is mounted on a cross-beam suspension for higher mechanical stability. The sample is located on a coarse positioning bottom stage to enable an increased patterning area of up to 100x100mm 2 size. Two different scanners can be applied; one providing a 10 × 10 μm 2 scan area and another with a 100 × 100 μm 2 scan area. However, a step-and-repeat function enables an active pattern area over 4-inch wafers 33 . The step-and-repeat function is mostly used to generate same structures repeatedly on the substrate. By optical navigation through a camera mounted on the top of system, structures can be found easily after etching. ring the geom e peaks in t ly be used as crowave Studi ies at which r m and a gold th sideration in t n Fig. 7b and 7 d and 7g, diff eld is perpend on results for how that, the gths for differ on of inciden ions in Fig. 7f  y, 
